A suite of quartz-and corundum-bearing metapelitic granulites, metamorphism occurred in the lower crust (>8 kbar). Reported intruded by layered gabbronorite-pyroxenite-anorthosite at Kon-U-Pb cooling ages of monazite and allanite from
INTRODUCTION quartz and corundum, was constructed. The sequence of inferred
Detail petrological investigations over the last decade reactions documents an anticlockwise heating-cooling path. Re- have identified a small number of regional granulite facies integrated compositions of spinel (with >10 mol % Fe 2 TiO 4 ) and terranes that underwent UHT metamorphism (ultrafeldspars indicate ultra-high temperature (UHT) of metamorphism high temperature >950°C) similar to pelitic xenoliths in (>1000°C), comparable with the liquidus temperature of the basaltic magma [reviewed by Harley ( , 1992 , enclosing magmatic rocks. Crystallization pressures inferred for the 
BACKGROUND GEOLOGY
(locally with orthopyroxene and plagioclase) and chromite-bearing enstatitite are the dominant ultramafic rocks The study area of Kondapalle is situated in the southern in the study area. The former rock occurs as thin to thick segment of the Eastern Ghats Belt close to the Godavari layers or pods of various dimensions in all these mafic rift ( Fig. 1) . Because of the occurrence of a layered members, whereas large pods of the latter rock (often magmatic complex and associated chromite ores, the several metres in length) are found only in the learea has been investigated by a number of workers for more than four decades [reviewed by Leelanandam ucogabbronorite and anorthosite. Layering (centimetres VOLUME 40 NUMBER 7 JULY 1999 up to 2 m) of chromite and enstatite is a common feature planar structure. The S 1 planar structure has subsequently been modified by at least three sets of folds (F 2 -F 4 ). of this rock. The enderbite-charnoenderbite (garnet + Interference of these folds has resulted in a complex antiperthitic plagioclase + quartz + orthopyroxene ± outcrop pattern in the layered rocks. Subsequently, allanperthite) occurs in two modes. One is massive to gneissic ite-monazite-bearing pink pegmatite was intruded. and the other is pegmatoidal. Lit-par-lit injection of the Finally, a set of roughly N-S trending subparallel shear first type into the mafic-ultramafic rocks has developed zones (dip >70°E to almost subvertical) have cut across conspicuous layering. This type of enderbiteall the rock types, including the pegmatite. The host charnoenderbite also contains xenoliths or rafts of rocks rocks in the shear zones show extensive recrystallization of the layered complex and the intercalated khondalites.
and development of amphibole. Allanite and monazite The gneissic banding of the enderbite-charnoenderbite from the pegmatite have yielded U-Pb cooling ages of often warps around these xenoliths or rafts. The most 1672 ± 4 Ma (monazite) and~1600 Ma (allanite), and abundant of the xenoliths are clinopyroxene-and herthe 40 Ar age of a retrograde hornblende from the cynite-bearing orthopyroxenite. Extensive metasomatic shear zone is~1100 Ma (Mezger et al., 1996;  Mezger & veining of quartz with or without plagioclase occurs in Cosca, 1999) . The field features (described above) and the mafic-ultramafic rocks and/or the khondalite at the these mineral age data, thus, collectively indicate that contact of enderbite-charnoenderbite. The field relations the high-grade metamorphism of khondalites is older than among the mafic-ultramafic and the enderbitic rocks are 1640 Ma. This is the first unequivocal documentation of strikingly similar to those described from the Madras pre-Grenvillian granulite facies metamorphism in the area (Subramaniam, 1959) . The pegmatoidal enderbite Eastern Ghats Belt. The~1100 Ma 40 Ar amphibole occurs as ramifying veins cutting across the gneissic age documents a localized Grenvillian thermal overprint banding of the enderbitic rocks.
(up to amphibolite facies). The U-Pb cooling ages of Khondalites, which are the subject of the present study, allanite and monazite further suggest that the Grenvillian occupy only a minor proportion of the exposed area granulite facies metamorphism, which is pervasive in the (<10 vol. %, Fig. 2 ). These rocks show melanocratic and northern sector (see Grew & Manton, 1986 ; Aftalion et leucocratic layering in the centimetre to metre scale. al., 1988; Paul et al., 1990; Mezger et al., 1996) , is absent In the north-western part of the study area, a suite of in the study area. The implication of this will be discussed alkaline rocks (ranging from quartz syenite to alkali later. granite) is recorded for the first time from this area. The other rock types include basic dykes and several generations of pegmatite.
The rocks of the study area were affected by polyphase METAMORPHIC EVOLUTION OF deformation. The earliest recognizable structure is shal-KHONDALITES lowly dipping (10-20°) recumbent folds (F 1 ) defined by
Reaction textures
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Ferromagnesian layers in the migmatitic khondalite in both the associations. Details of the oxide intergrowths will be discussed separately. In association I, spinel (1) is show mineralogical variations even within a few censeparated from quartz by either garnet (2) or a compound timetres. Two associations are identified on the basis of corona of sillimanite and garnet (Fig. 3a) . In association II, characteristic minerals. Association I can be distinguished spinel (1) often forms coarse intergrowths with sillimanite from the other by the presence of quartz and absence of laths that replace garnet (1) (Fig. 4a) . porphyroblastic corundum. The mineralogy of the two Coarse ilmenite in association I is rimmed by garnet associations is given below:
(2) against plagioclase and quartz. Garnet (2) is found to Association I: garnet-spinel (with magnetite)-be intergrown with granular ilmenite (Fig. 3b) . sillimanite-quartz-(Fe-Ti) oxides-perthite-plagioclaseTwo generations of biotite are identified. Primary biotite-sulphide minerals;
biotite that existed before garnet (1) mostly occurs as inclusions in the latter. In none of the associations does Association II: garnet-spinel (with magnetite)-primary biotite coexist with sillimanite or quartz in the corundum-sillimanite-(Fe-Ti) oxide-perthite-plagiomatrix. Secondary biotite is profusely developed in zones clase-biotite-sulphide minerals.
of intense deformation and defines the S 2 fabric. This In most places the mutual relations among the phases biotite replaces garnet (1) and other anhydrous phases are partially to completely obliterated as a result of along cracks and fractures. In places, delicate insuperimposed deformation. Replacement of the an-tergrowths of sillimanite and secondary biotite are obhydrous phases, such as garnet, spinel and perthite, by served. biotite + quartz, biotite + quartz + sillimanite, or Corundum occurs in a variety of forms. Porphyroblastic biotite + sillimanite is frequently observed. This retro-corundum [i.e. corundum (1)] coexists with garnet (1) grade biotite defines a schistosity which often swerves and spinel (1) in association II. Corundum also forms around and replaces the porphyroblastic phases. This complex intergrowths with spinel and ilmenite in this schistosity is parallel to the regional pervasive foliation association. S 2 . However, a few zones of relatively low strain preserve K-feldspar in both the associations is perthitic with pre-deformational reaction textures that are described numerous blebs and/or lamellae of plagioclase. It is below.
mostly concentrated in the leucocratic bands along with Two generations of garnet, one porphyroblastic [here-quartz and plagioclase. A few grains of plagioclase are after garnet (1)] and the other coronal [hereafter garnet antiperthitic.
(2)] occur in both the associations. In association I, garnet Sillimanite exhibits several textural varieties. The earli-(1) includes one or more of the phases biotite, sillimanite, est occurs as inclusions in garnet (1) in both the asquartz and plagioclase. Garnet (1) is frequently embayed sociations. In association I sillimanite rims spinel (1) by lobate spinel. These spinel grains are rimmed against against quartz (Fig. 3a) . In association II, haphazardly quartz by garnet (2) and sillimanite of various thickness oriented coarse blades of sillimanite are intergrown with (Fig. 3a) . Srogi et al. (1993) interpreted a similar texture spinel and replace garnet (1) (Fig. 4a) . as two-stage garnet growth, i.e. before and after the Oxide minerals in the study rocks show spectacular formation of spinel. In association II, biotite and sil-intergrowths. Spinel (1) in both the associations forms limanite are the dominant inclusions in garnet (1), quartz dendritic intergrowths with magnetite of variable thickbeing present in only a few garnet (1) grains. In places, ness and length (Fig. 4c) . The coarsest magnetite lamellae small granular inclusions of spinel with one or both of are invariably deformed to various extents and have the phases biotite and sillimanite occur in the core of tensional cracks. In places laths of corundum and/or garnet (1) (Fig. 4a) . Commonly, garnet (1) forms clusters sillimanite are also present in spinel (1) (Fig. 4c) . In places, with porphyroblastic corundum and spinel [hereafter, granules of magnetite often occur along the spinelcorundum (1) and spinel (1)] (Fig. 4b) . Garnet (1) is often corundum contacts (Fig. 4c) . The volume proportion of replaced by coarse intergrowths of spinel and sillimanite magnetite in spinel (1) never exceeds 15%. Magnetite at the contact of corundum (1) (Fig. 4a) .
never forms free grains in the matrix. This feature, Spinel is hercynitic and has three modes of occurrence. together with rimming of spinel (1) by coronitic garnet, Small granular spinel occurs as inclusions along with suggests that magnetite exsolved after the formation of biotite with or without sillimanite in the core of garnet the coronal garnet (see Waters, 1991) . Coarse ilmenite (1) in association II (Fig. 4a ). This spinel is likely to have grains invariably show fine lamellae of Ti-haematite formed before garnet (1). The most abundant variety is (Fig. 4d) . This feature is common in many magmatic porphyroblastic [i.e. spinel (1)] that embays garnet (1) in and high-grade metamorphic rocks and is formed as a both the associations. This variety frequently forms coarse result of unmixing from a homogeneous Fe 2 O 3 -rich ilaggregates with ilmenite and invariably shows crys-menite during cooling (Haggerty, 1976) . Spinel (1) in both associations often forms coarse aggregates with tallographically controlled intergrowths with magnetite ilmenite (Figs 3 and 4) . The oxide-oxide contacts of the University of Bonn. The instrument was operated with 15 kV accelerating voltage, 1-2 mm beam diameter aggregates are straight. In most places, these aggregates preserve the shape of the original spinel grain, suggesting and 15 nA current. However, for area scans the beam diameter was broadened up to 50 mm. At least four area that they are the products of unmixing of a homogeneous spinel rich in TiO 2 (Haggerty, 1976; Waters, 1991) . As scans were measured for each reintegration. Natural mineral standards were used and the raw electron probe the solubility of ilmenite in the spinel structure or vice versa is insignificant, the pristine spinel must have been microanalysis (EPMA) data were corrected by the PAP procedure (Pouchou & Pichoir, 1984 Buddington & Lindsley (1964) ; see Haggerty (1976) and Waters (1991) ]. The volume pro-0·43 (Table 3) . ZnO content in spinel is always low (<1 wt %) except in the small spinel granules in garnet (1), portion of ilmenite in most of these aggregates ranges from 20% to >35%, suggesting a significant proportion which contain higher amounts of ZnO (3·5 wt %, Table 3 ). The spot analyses of this mineral are always of Fe 2 TiO 4 component in the original spinel (>19 mol %, Table 3 ). This is much higher than most of the other more magnesian than the coexisting garnet ( Table 7) .
The presence of dendritic magnetite in spinel and the reported occurrences [see Waters (1991) and Fitzsimons (1996) ]. Some composite oxide aggregates show spec-granular exsolution of ilmenite indicate that the pristine spinel was richer in Fe and Ti. The composition of the tacular intergrowths of corundum-spinel-ilmenite (Fig. 4e) . In these aggregates corundum forms lamellar pristine spinel is not only crucial to understanding the peak thermal history of the host rock, but also has intergrowths with ilmenite which have sharp and straight boundaries with spinel. The spinel shows dendritic mag-an important bearing on the topology of the system FeO-MgO-Al 2 O 3 -SiO 2 (FMAS) [see Waters (1991) ]. netite lamellae whereas ilmenite exsolves Ti-haematite lamellae. Mutual relations of the oxide phases in such Estimation of the pristine spinel composition in the studied rock is fraught with difficulties, such as: (1) the composite grains also suggest the former existence of a homogeneous Fe-Ti-Mg-Al spinel. However, the co-wide modal variation of ilmenite in the oxide aggregates;
(2) the presence of variable contents of magnetite and rundum-ilmenite lamellar intergrowths also occur without spinel in places (Fig. 3b) . Unlike other reported spinel-Ti-haematite lamellae in spinel and ilmenite, respectively; (3) the absence of a continuous coronal phase, which bearing occurrences (see Waters, 1991) , the Fe-Ti-Al oxide aggregates are not rimmed by continuous garnet makes it difficult to estimate the proportion of the different oxides in an aggregate; (4) the involvement of corundum coronas and, in places, spinel and ilmenite are separated by garnet (2) and/or sillimanite (Fig. 4f ) .
lamellae in the intergrowth. The last problem has been circumvented by choosing aggregates devoid of corundum lamellae for integrated analyses. In view of point
Mineral chemistry
(3), we have chosen aggregates that contain a smaller proportion of ilmenite (20-25 vol. %) than the others. Chemical composition of the phases was determined with a CAMECA MICROBEAM electron microprobe at the Bulk compositions of such aggregates are likely to provide a conservative estimate of Fe 2 TiO 4 content in the pristine followed. The representative reintegrated compositions are presented in Table 3 . The reintegrated compositions spinel. For reconstruction of the pristine spinel composition, the procedure mentioned by Waters (1991) was show significant ulvöspinel component (up to 17 mol %) I  I  I  I I  I I  I I  I I  I  I  I I   Sample:  k671  k672  k673  k674  k676  k678  k680  k682  k671a  k671b  k676c SiO 2 0·01 0·04 0·02 0·21 0·03 0·02
a, b and c are reintegrated pristine spinel compositions (see text and X Mg is always lower than in coexisting garnet (1) of porphyroblastic ilmenite (Table 5 ). The lamellar intergrowth between ilmenite and corundum suggests sol- (Table 3 ). This corroborates an earlier observation that in Fe-rich rocks, such as the present ones, spinel is always ubility of significant Al 2 O 3 (>10 mol % calculated from image analysis) in the ilmenite structure. less magnesian than the coexisting garnet (Sengupta et al., 1991; Waters, 1991; Nichols et al., 1992; Fitzsimons, Biotite included in garnet is phlogopite rich with significant TiO 2 (5·49 wt %) and F (1·38 wt %) ( Table 5 ). 1996). The implication of this will be discussed later.
Garnet (1) in both the associations is almandine rich Retrograde biotite has higher F (3·32 wt %) but lower TiO 2 (1·96 wt %) (Table 5 ). with significant proportions of pyrope (32-38 mol %, Table 4 ). Grossular and spessartine contents are always
The result of the reintegrated alkali feldspar and the antiperthite analyses by EPMA area scans are presented low, and together never exceed 4 mol % (Table 4) . A slight increase in almandine content towards the rims in Table 6 . The reintegrated perthite compositions show up to 11 mol % anorthite (Table 6 ). The anorthite (3-4 mol %) is noted at contacts with spinel. Coronal garnet has a similar composition to that of the por-content of the plagioclase lamellae varies between 20 and 25 mol %. Porphyroblastic plagioclase shows no phyroblastic garnet rims (Table 4) .
Reintegrated compositions of porphyroblastic ilmenite compositional zoning and varies in composition within a restricted range (An 35-30 ; Table 6 ). show significant Fe 2 O 3 contents (>12 mol %, Table 5 ). However, granular ilmenite intergrown with coronal garCorundum and magnetite are nearly pure phases, but sillimanite contains up to 1·5 wt % of Fe 2 O 3 (Table 5) . net shows lower proportions of Fe 2 O 3 than spot analyses VOLUME 40 NUMBER 7 JULY 1999 I  I  I  I  I  I  I  I  I  I I  I I  I I  I I Sample: k671(c) k671(r) k671 (cr) k672  k673  k674  k85D  k85D1  K61  k676  k678  k680  k682   SiO 2  38·38  38·48 37·97  38·38  38·30  38·55  38·30  38·87  38·82 38·71  37·86 38·64  34·15   TiO 2  0·01  0·07  0·04  0·02  0·02  0·15  0·05  0·01  0·04  0·02   Al 2 O 3  21·58  21·60 20·87  21·35  21·29  21·38  21·29  21·56  21·35 21·91  21·91 21·08  22·46   FeO  29·67  30·51 29·97  29·65  28·93  27·64  28·93  30·06  30·17 28·10  30·52 
Oxygen 12·00 12·00 12·00 12·00 12·00 12·00 12·00 12·00 12·00 12·00 12·00 12·00 12·00
c, core; r, rim; cr, corona; X Fe , Fe/total bivalent cations, etc.
reacted to form the complex Fe-Al-Ti spinel at higher
Reaction history
temperature through the reaction In association I, inclusions of biotite, sillimanite and quartz in garnet (1) suggest operation of the dehydrationTi-biotite + sillimanite → complex Fe-Al-Ti melting reaction spinel + liquid.
(a) Formation of coronal garnet and/or compound corona of sillimanite and garnet over the lobate spinel (Fig. 3a ) Embayment of garnet (1) by lobate spinel (1) is intriguing. suggest that reaction (b1) proceeded in the reverse dirIn domains free from complex spinel-ilmenite in-ection during cooling. The free silica required for this tergrowths, the likely reaction is reaction was possibly derived from the crystallization of the granitic liquid. garnet + sillimanite → spinel + quartz (b1) Intergrowth of garnet (2) and Fe 2 O 3 -poor granular (Fig. 3a) . This reaction proceeds to the right with rising ilmenite around Fe 2 O 3 -rich porphyroblastic ilmenite at temperature. However, the formation of spinel + il-the contact of plagioclase can be explained by the demenite aggregates in places merits discussion. The tex-oxidation reaction of the type tural and compositional data (discussed above) suggest that these aggregates are the breakdown product of a Fe 2 O 3 -rich ilmenite + plagioclase + quartz → Fe 2 O 3 -former Ti-rich spinel. As neither of the reactants in poor ilmenite + garnet + O 2 (c) reaction (b1) can contribute Fe 2 TiO 4 component, a Ti- (Fig. 3b) . This reaction proceeds to the right during saturating phase (such as biotite) must also be involved cooling and is reported from many high-grade metapelites in these domains. It is likely that subsequent to the [see Ellis & Green (1985) and Dasgupta et al. (1995) , and reaction (a) these domains were impoverished in silica and the residual biotite became more Ti rich, and ultimately references therein]. In association II, stability of corundum (1) and garnet
The Zn-rich spinel inclusions in the cores of garnet (1) are problematic. They can form either by dehydration (1) and inclusion of biotite and sillimanite in the latter suggest the reaction of staurolite or as a result of early melting of biotite in the ZnKFMASH system via the reaction Ti-biotite + sillimanite → garnet (1) + corundum (1) + liquid. (d) biotite + sillimanite + quartz ± vapour → Zn-rich spinel + liquid However, coexistence of garnet (1), corundum (1) and spinel-ilmenite aggregates suggests the reaction of the (Montel et al., 1986) . However, the textural information is insufficient to choose between the two alternatives. type Nevertheless, the presence of this type of spinel and biotite + sillimanite → garnet (1) + Ti-rich biotite inclusions in garnet (1) suggests the reaction spinel + corundum (1) + liquid (e) spinel + biotite + sillimanite → garnet (1) (Fig. 4b) . The significant TiO 2 content in the included + liquid.
(f ) biotite suggests that the Ti component of the oxide aggregates was derived from biotite. This reaction was This reaction occurs at lower temperature than the biotite melting reactions (d) and (e) at pressures higher than the also inferred by Powers & Bohlen (1985) . VOLUME 40 NUMBER 7 JULY 1999 I  I  I  I  I  I  I  I  I  I  I I  I I  I I   Sample:  k671  k671  k671  k672  k672  k672  k673  k674  k85D  K85D1  K85D  K85D  K85D h
Oxygen 8·00 8·00 8·00 8·00 8·00 8·00 8·00 8·00 8·00 8·00 8·00 8·00 8·00
h, host; l, lamellae; R, reintegrated composition; X Ab , Na/(Na + K + Ca), etc.
KFMASH univariant reaction (Spr, Opx, Crn, Qtz) (see Experimental and theoretical studies in the system Fe-Mg-Ti- Al-O (Sack & Ghiorso, 1991) indicate that Fig. 6 , below) and is noted in many high-grade terranes (e.g. Fitzsimons, 1996) . spinel with >10 mol % Fe 2 TiO 4 is stable only at temperatures of the order of 1000°C or more. This implies The coarse spinel-sillimanite intergrowth replacing garnet (1) (Fig. 4a) can be explained by the reaction that reaction (h) occurred at very high temperature. The ilmenite-corundum intergrowth in some of these garnet (1) + corundum (1) → spinel + sillimanite. (g) aggregates requires an additional reaction of the type This reaction has been experimentally calibrated by FeAl 2 O 4 + O 2 ↔ Fe 3 O 4 (partitioned in spinel) Shulters & Bohlen (1989) and it proceeds to the right + Al 2 O 3 (in ilmenite) (i) with rising temperature. (Fig. 4e) . The presence of abundant corundum lamellae in ilmenite indicates significant solubility of Al 2 O 3 in ilmenite. Experimental data of Hauck (1981) show that only at Evolution of the oxide aggregates temperatures higher than 1100°C can the ilmenite strucIt was discussed earlier that textural features and com-ture incorporate a substantial amount (>10 mol %) of positional characteristics of the oxide aggregates indicate Al 2 O 3 . Separate rimming of ilmenite and spinel by coronal early stabilization of a Ti-rich spinel. In corundum-free garnet (Fig. 4f ) suggests that formation of the latter aggregates, this Ti-spinel produced ilmenite ss mineral occurred subsequent to the reactions (h) and (i). The development of magnetite lamellae of different through oxidation of the Fe 2 TiO 4 component in spinel, thickness in spinel and Ti-haematite lamellae in ilmenite ( Fig. 4c and d) Haggerty (1976) ]. Available experimental data and theoretical analysis of the spinel ss (see Haggerty, 1976 Nell et al. (1989) ]. Formation of discrete + cordierite-bearing assemblages, the X Mg of cordierite corundum laths in spinel and the occurrence of magnetite exceeds 0·6 (Waters, 1991) . Waters explained this angranules along the contact (Fig. 4c) suggest that reaction omaly by the up-pressure shift of the reaction spinel + (i) also occurred at lower temperatures subsequent to the cordierite + quartz ↔ garnet + sillimanite because of separation of ilmenite from spinel (Clarke et al., 1989) .
incorporation of non-KFMASH components such as Fe 2 O 3 , TiO 2 , and ZnO in spinel. Geometric relations further indicate that a topological inversion would occur
Petrogenetic grid
when such a shift of spinel-bearing equilibria causes the The metamorphic evolution of the studied metapelitic invariant point [Spl, Bt, Crn] to lie within the stability rocks can be portrayed in a petrogenetic grid in the field of spinel any new phase. Hence, the effect of incorporation of will remain essentially unaltered. This is shown in Fig. 5 , these non-KFMASH components will only be to increase where the last two invariant points are omitted for the the variance of the KFMASH assemblages. Excepting sake of clarity. Experimental investigations of Annersten the one reported by Srogi et al. (1993) , all other published & Seifert (1981) showed that the assemblage spinelpetrogenetic grids for the KFMASH system or its sub-orthopyroxene-sillimanite-quartz, which is the key assystem FMAS consider either corundum-or quartz-semblage for the inverted topology, is stabilized as a bearing assemblages and hence are not suitable for the result of significant incorporation of Fe 3 O 4 at high f O 2 . present study (see Grant & Frost, 1990; This, together with the observation that this four-phase 1990; Dasgupta et al., 1995) . The petrogenetic grid of assemblage mostly occurs in high-f O 2 granulites, led Srogi et al. (1993) , on the other hand, does not include Hensen (1986) to conclude that f O 2 is the only controlling high-temperature phase relations. For this reason, a new factor for the topological inversion. Subsequent work of petrogenetic grid has been constructed combining the Sengupta et al. (1991) , Waters (1991), Nichols et al. available experimental data and the constraints imposed (1992) and Fitzsimons (1996) , although supporting the by the natural assemblages (Fig. 5) .
contention of Hensen (1986) , also emphasizes the role of We begin our analysis in the simplified KFMASH other non-FMA components such as ZnO and TiO 2 in system and the effects of the non-KFMASH components stabilizing the spinel-bearing assemblages and consequent will be discussed subsequently. Textural relations suggest topological inversion. Using the internally consistent data that the early melting reactions with biotite evolved in set of Holland & Powell (1990) , D. J. Waters (personal the KFMASH system. Following the elimination of biotite communication, 1998) showed that spinel should contain and extraction of the melt, the subsequent mineral re-nearly 20 mol % non-KFMASH components to cause actions evolved in the simplified FMAS sub-system. For the topological inversion and that the absolute P-T quartz-bearing assemblages, the geometrical relations in positions of [Spr, Crn, Bt] and [Crd, Crn, Bt] are the KFMASH and FMAS systems and their in-determined by the amount of non-FMA components in terrelationships have been elegantly presented by Hensen spinel. With increasing impurities, the sapphirine-and & . The topology presented in Fig. 5 , cordierite-absent invariant points would move towards although broadly similar to that of Hensen & Harley [Spl, Spr, Crn] , thereby causing contraction of the tri-(1990), differs in the relative position of garnet and angular area bounded by these invariant points (Fig. 5) . spinel in some of the reactions. Incorporation of F and Ti in biotite would further shrink considered the FMAS topology of Hensen (1986) , which this triangle, but towards higher temperatures (Fig. 5) . is valid for X Mg (Spinel) > X Mg (Garnet). However, in Fe-We have chosen the inverted topology because of the rich bulk compositions, such as the present one, the presence of significant non-KFMASH components in relationship is reversed (Grant & Frost, 1990 ; Clarke early spinel and the high f O 2 conditions (indicated by the & Powell, 1991; Sengupta et al., 1991; Waters, 1991 ; presence of ferrian ilmenite). To explain the corundumFitzsimons, 1996; references cited therein). As a con-bearing reactions, another invariant point [Spr, Qtz, sequence, garnet and spinel change sides in some uni-Opx] is created (Fig. 6) . The geometry around this variant reactions to maintain reaction stoichiometry. invariant point is similar to that of Srogi et al. (1993) , Waters (1991) showed that in the simple FMAS system except for some spinel-garnet equilibria for reasons stated above. The topological constraints of Fig. 6 indicate that (i.e. the biotite-free portion of Fig. 5 ) spinel + cordierite VOLUME 40 NUMBER 7 JULY 1999 
emanating from the invariant point [Spr, Spl, Crn] . Also shown in Fig. 6 are some of the bivariant reactions relevant to this study. point is expected from the experimental data of Hensen In the P-T region of biotite-dehydration melting, K-& Osanai (1994) . On the basis of P-T estimates of natural feldspar can be either a reactant or a product depending assemblages, Dasgupta et al. (1995) showed that the upon the H 2 O/K 2 O ratio in the melt and biotite (Car-invariant points [Opx, Spr] (equivalent to [Opx, Spr, rington & Watt, 1995) . If we consider the F contents of Crn] in Fig. 6 ) and [Spr, Bt] (equivalent to [Spr, Bt, biotite inclusions to be representative of compositions at Crn] in Fig. 6 ) occur at 5 ± 1 kbar, 750-850°C and~9 the time of melting, it is likely that the H 2 O/K 2 O ratio kbar and 950°C, respectively. Using the thermodynamic of biotite was higher than that of the coexisting melt. This data of Holland et al. (1996) , D. J. Waters (personal places K-feldspar on the reactant side of the dehydration communication, 1998) calculated the P-T coordinates of melting reactions. However, the topology presented in these two invariant points with 20 mol % of non-al- Fig. 6 would change only marginally with a change of uminous components in spinel. Although the calculated side for K-feldspar in the melting reactions (Fitzsimons, P-T coordinates of [Spr, Crn, Bt] match perfectly with 1996). those of Dasgupta et al. (1995) , the invariant point [Opx, The thermobaric evolution of the study assemblages Spr, Crn] is placed at nearly the same pressure but at a can be better explained if the P-T coordinates of the temperature~100°C lower (Fig. 5) . However, if the shift invariant points shown in Fig. 6 are available. The of the biotite-melting reaction (Spr, Opx, Crn, Spl) for experimental data of Carrington & Harley (1995) for the these non-aluminous components is calculated using the system KFMASH tightly constrains the P-T coordinates experimentally determined ones of Carrington & Harley of [Spr, Spl, Crn, Bt] at 9 ± 0·5 kbar and 900°C, which (1995), the resultant P-T coordinates of [Spr, Opx, Crn] is also corroborated by the thermodynamic analysis of match perfectly with those of Dasgupta et al. (1995) . Holland et al. (1996) (their [Os] invariant point). The Holland et al. (1996) also argued that the reactions presence of Ti and F in biotite would shift the invariant involving biotite calculated from their data set are always point towards higher temperature (Fig. 5) . Considering placed at temperatures 80-100°C lower than the exthe TiO 2 and F contents of biotite inclusions (Table 5) , perimentally determined positions of Carrington & Harley (1995) , and attributed this discrepancy to the poorly a minimum of 30°C up-temperature shift of this invariant constrained melt parameters used in their data set. In (2) In quartz-undersaturated sillimanite-rich metapelite (with Ti-and F-rich biotite), complete elimination of view of this, we have adopted the P-T coordinates of these invariant points from Dasgupta et al. (1995) .
biotite would indicate very high temperatures, i.e. above 900°C. The P [Spr,Opx,Qtz] can be estimated using the topological constraints P [Opx,Spr,Crn] < P [Spr,Opx,Qtz] < P [Spl,Spr,Crn] . The P (3) In silica-undersaturated iron-rich metapelites, corundum-bearing assemblages are potentially valuable coordinates of the bounding invariant points give a large pressure bracket of 5-9 kbar. However, for spinel depth indicators. The assemblage garnet + corundum + spinel + sillimanite occurs exclusively at pressures containing >20 mol % non-aluminous components and biotite with appreciable Ti and F, the pressure bracket >P [Spr,Opx,Qtz] and is only expected in deep crustal rocks, whereas the cordierite + corundum + sillimanite + will be narrower. Powers & Bohlen (1985) and Srogi et al. (1993) described an assemblage that equilibrated close spinel-bearing assemblages occur at lower pressures. This is consistent with the preponderance of the latter asto P [Opx,Spr,Crn] . Geobarometry in these areas indicates P 7 ± 1 kbar. Recently, Dasgupta et al. (1997) have semblage in upper-and mid-crustal contact aureoles [reviewed by Barton et al. (1991) and Dasgupta et al. reported the cordierite-corundum-spinel-sillimanite assemblage, which lies below the biotite-absent univariant (1997)].
The mineral assemblages and the inferred mineral curve emanating from this invariant point (Fig. 6) . Those workers estimated a pressure of 7 kbar using different reactions in the studied rocks can now be interpreted in terms of this petrogenetic grid. Textural relations barometric estimates. Considering the nearly flat slope of the biotite-absent reaction and barometric estimates presented above suggest that biotite in both the associations was eliminated through a number of defor the above areas, the P [Spr,Opx,Crn] is placed at 7 ± 1 kbar.
hydration-melting equilibria within the temperature interval of T [Spr,Opx,Crn] and T [Spr,Opx,Qtz] (Fig. 6) . The apSeveral important points emerge from the topology presented in Fig. 6 : preciable amount of Fe 2 TiO 4 (>19 mol %, Table 3 ) in the pristine spinel indicates that the peak metamorphic (1) dehydration melting of biotite + sillimanite + quartz can produce spinel + cordierite or garnet + assemblages were stabilized beyond T [Spr,Crn,Bt] (i.e. >950°C). Non-appearance of other characteristic highcordierite depending on the depth of melting, i.e. at pressures lower and higher than P [Spr,Opx,Crn] , respectively. temperature assemblages such as sapphirine + quartz, osumilite + garnet ± sapphirine ± orthopyroxene can This is consistent with the widespread occurrence of spinel + cordierite in low-pressure contact aureoles and be attributed to the Fe-rich bulk composition of the rocks . The occurrence of of garnet + cordierite-bearing assemblages in mediumand high-pressure (>5 kbar) regionally metamorphosed corundum + garnet + sillimanite + spinel and absence of cordierite in the quartz-undersaturated association II pelites (Grant & Frost, 1990; Harley et al., 1990; Dasgupta et al., 1995; Fitzsimons, 1996; references therein) .
indicate that the prograde reactions occurred at high pressures, i.e. P > P [Spr,Opx,Qtz] . Textural features further range of 9-10 kbar (Table 7) . These pressure values are consistent with the constraints imposed by the petrosuggest that all the biotite-absent reactions were ingenetic grid (i.e. stability of garnet + corundum and tersected twice from opposite directions, i.e. during the absence of cordierite in association II). The estimates prograde and retrograde stages of metamorphism. In match well with the results from the more precise GOPS the absence of orthopyroxene and sapphirine no upper and GCPS barometry in the enclosing mafic rocks pressure limit can be constrained from the petrogenetic (Table 7) . grid. However, the geobarometric estimates, discussed below, indicate that cooling occurred at pressures above P [Spr,Bt,Crn] . Taken together, all this evidence indicates an anticlockwise heating-cooling path at pressures above
P-T HISTORY OF THE LAYERED
P [Spr,Opx,Qtz] (Fig. 6) .
BASIC INTRUSION
The mafic members of the complex are olivine-to quartznormative low-K tholeiites with mg-number varying from Geothermobarometry 30 to 74. Magnesian varieties are olivine-normative (1-The absence of orthopyroxene and cordierite excludes 12% normative olivine), whereas the Fe-rich rocks are application of most of the cation-exchange thermometers quartz-normative (4-6% normative quartz). The comin the study rocks. However, oxide and feldspar ther-positional range overlaps with the experimental run commometers can be applied to constrain the peak tem-position (No. R 698) of Irving (1974) and the tholeiitic perature of metamorphism. The reintegrated spinel composition of Green & Ringwood (1967) . This allows compositions (with >19 mol % Fe 2 TiO 4 ) requires tem-direct application of their experimental phase diagrams peratures in excess of 1000°C (Sack & Ghiorso, 1991) . to this rock suite. Representative compositions of the This is a conservative estimate as the aggregates with different phases in the members of the layered complex minimum modal ilmenite were considered. Temperatures are presented in Tables 2 and 7 . The mafic rocks consist in excess of 1000°C are also required to dissolve sig-of orthopyroxene, clinopyroxene, highly calcic plagioclase nificant amounts of Al 2 O 3 (10 mol % or more) in the and ilmenite. Olivine is conspicuously absent and coronal ilmenite structure (Hauck, 1981) . Bulk compositions of garnet developed only in the Fe-rich rocks. Orthofeldspars when projected on the ternary feldspar iso-pyroxene and clinopyroxene often contain coarse to therms at 10 kbar of Hayob et al. (1989) indicate tem-fine (100) lamellae of Ca-rich and Ca-poor pyroxene, peratures in the range of 950-1000°C. These too are respectively. Reintegrated pyroxene compositions yield conservative estimates in view of the likely partitioning temperatures of 1000-1100°C when plotted on the proof some Ca from alkali feldspar to porphyroblastic plagio-jected isotherm of Davidson & Lindsley (1989) . The clase during cooling [see Kroll et al. (1992) ]. Such an calculated temperatures are also consistent with the solextreme temperature is consistent with the predicted idus temperature of tholeiitic magma at 8-10 kbar (Green temperature (>900°C) for the instability of the assemblage & Ringwood, 1967; Irving, 1974) . Non-appearance of Ti-rich biotite + sillimanite ± quartz from the petro-olivine even in olivine-normative rocks indicates that the genetic grid (Fig. 6) . Host-lamellae pairs in alkali feldspars depth of emplacement of the magma was higher than yield distinctly lower values (650-700°C), which are the stability field of olivine + plagioclase. The phase obviously cooling temperatures.
diagram of Irving (1974) suggests a pressure of magmatic Peak metamorphic pressure, on the other hand, can be crystallization above 6 kbar at 1100°C. However, nonestimated using the pressure-sensitive equilibria involving appearance of garnet constrains an upper pressure limit garnet-plagioclase-sillimanite-quartz (GPSQ, Koziol & of 11 kbar at the same temperature (Green & Ringwood, Newton, 1988 ), garnet-corundum-spinel-sillimanite 1967 Irving, 1974) . In Fe-rich rocks, thin coronas of (GCSpS, Shulters & Bohlen, 1989) , and garnet-garnet or garnet-quartz symplectite locally occur along sillimanite-spinel-quartz (GSSpQ, Bohlen et al., 1986) . the contacts of pyroxene-plagioclase-ilmenite (Fig. 7a) . The spinel-bearing equilibria are sensitive to the input This garnet is likely to have formed during subsolidus, spinel composition and temperature [see Shulters & near-isobaric cooling of the rocks [see Ellis & Green Bohlen (1989) ]. To obtain a conservative pressure es -(1985) ]. timate, we have used spot analyses of spinel and 950°C
Further evidence in support of such deep-level intrusion (the minimum estimates of the peak temperature). Ap-comes from the mineralogy of the layers and/or xenoliths plication of the GPSQ equilibrium to the studied rocks of clinopyroxenite and hercynite-bearing orthois fraught with uncertainties inherent in the low grossular pyroxenite. Clinopyroxenite is composed dominantly of content of garnet (Table 4) . Notwithstanding the un-cumulus clinopyroxene with extremely calcic plagioclase certainties associated with these barometers, the three and few grains of orthopyroxene as intercumulus phases.
This suggests crystallization from the enclosing mafic to equilibria yield metamorphic pressures mostly in the A, Perkins & Chipera (1985) ; B, Bhattacharya et al. (1991) ; C, Moecher et al. (1988) ; D, Bohlen et al. (1986) ; E, Shulters & Bohlen (1989) ; F, Koziol & Newton (1988); G, Lee & Ganguly (1988) ; H, Ellis & Green (1979) . * Pressures (in kbar) calculated with the following activity models: garnet (Anovitz & Essene, 1987) , plagioclase (Newton, 1983) and pyroxenes (Wood & Banno, 1973) . †Pressures calculated at 700°C (other pressures are calculated at 950°C; see text).
anorthositic melt of clinopyroxene followed by or-estimated P-T conditions of the garnet-bearing mafic thopyroxene and plagioclase. Available experimental rocks cluster around 8-9 kbar and 670-720°C (Table 7) . data on basaltic rocks of varied bulk compositions suggest The temperature estimates are obviously cooling temthat clinopyroxene can be the sole liquidus phase only peratures reflecting the blocking of Fe-Mg exchange at pressures >8 kbar (e.g. Fram & Longhi, 1992) . between garnet and pyroxenes [see Ellis & Green (1985) ]. The hercynite-bearing orthopyroxenite is dominated Distinctly lower pressures (4-5 kbar at 700°C) are obby spinel and orthopyroxene with one or more of the tained from the alumina solubility in orthopyroxene phases plagioclase, clinopyroxene or olivine. Olivine and coexisting with garnet in the hercynite-bearing orplagioclase never coexist and amphibole is the common thopyroxenite (Harley, 1984) . Fitzsimons & Harley (1994) retrograde phase that replaces the pyroxenes. Spinel showed that the formulation of Harley (1984) is strongly occurs in two modes. Coarse spinel forms granoblastic sensitive to retrograde Fe-Mg resetting, which often leads mosaics with orthopyroxene. This spinel shows granular to underestimation of the equilibrium pressure in the exsolution of magnetite (Fig. 7b) . The other type of spinel natural assemblages. forms myrmekitic intergrowths with orthopyroxene and, Summarizing, the mineralogical and phase comless frequently, with clinopyroxene ( Fig. 7b) . Thin rims positional attributes constrain the emplacement and fracof garnet are locally present around pyroxenes, hercynite tionation of the layered magmatic suite to have occurred and plagioclase. Symplectitic intergrowths of ortho-above 8 kbar and at temperatures [1100°C. Subsequent pyroxene and hercynite similar to this are common in near-isobaric cooling produced coronal garnet in the many lower-crustal xenoliths and are interpreted to have Fe-rich mafic rocks and exsolution of spinel from the formed by either of the two processes: (a) replacement aluminous pyroxene in the hercynite-bearing orthoof olivine + plagioclase or (b) direct crystallization of pyroxenite. aluminous pyroxene and subsequent subsolidus exsolution in the spinel peridotite-gabbro stability field (e.g. Green & Ringwood, 1967; Ellis & Green, 1985; Ballhaus & Berry, 1991; Dasgupta et al., 1993) . Mutual exclusion of olivine and plagioclase tends to support the second DISCUSSION alternative. The mineralogical evolution can be presented It is evident from the petrological analysis of the khonschematically as follows: Stage 1: Al-Opx(1) → AlOpx(2) + Spinel; Stage 2: Al-Opx(2) → Garnet. The dalites that biotite in these rocks was completely eliminated through a number of dehydration-melting equilibria lead-metamorphism was likely to be caused by the crystallization of the basic liquid parental to the layered coming either to stabilization of garnet ± sillimanite (asplex. showed that an anticlockwise P-T sociation I) or garnet + corundum (association II) in trajectory is the normal consequence for rocks residing centimetre-scale domains. Hence, the occurrence of within and below the magma accretion zone. This study quartz-and corundum-bearing assemblages in this area area thus joins a few regional UHT granulite occurrences cannot be explained by differential thermal conditions as that demonstrate the accretion of voluminous basic invoked by many workers (e.g. Srogi et al., 1993) . Further, magma, concomitant UHT metamorphism and crustal similar compositions of garnet and spinel in the two asanatexis followed by near-isobaric cooling in the lower sociations suggest that the bulk Fe/Mg ratio was also not crust [reviewed by and Barton et al. (1991) ]. the deciding factor. Fitzsimons (1996) argued that dehydration-melting in sillimanite-saturated pelitic rocks can eliminate either quartz or biotite depending on the bulk SiO 2 /(FeO + MgO) ratio, which is dictated by the volume Comparison with the northern sector of the ratio of quartz/biotite. In view of this, it seems likely that Eastern Ghats Belt and East Antarctica the protolith of association II had a higher biotite/quartz Available petrological information from several parts in ratio [hence, lower SiO 2 /(FeO + MgO)] than association the northern sector of the Eastern Ghats Belt indicates I and, as a consequence, quartz was eliminated before at least two phases of granulite facies metamorphism biotite in the former, after the first stage of dehydration-[reviewed by Dasgupta & Sengupta (1995) ]. The earlier melting [i.e. reaction (a)]. Following dehydration-melting one is characterized by UHT metamorphism followed by of biotite + sillimanite, porphyroblastic corundum was near-isobaric cooling. Relics of prograde metamorphism, stabilized in association II. Subsequent prograde reactions albeit documented from only few places, suggest that the stabilized spinel + quartz and spinel + sillimanite in co-UHT metamorphism occurred on an anticlockwise P-T rundum-free and corundum-bearing associations, re-trajectory (Sengupta et al., 1990; Dasgupta et al., 1995; spectively. Mukhopadhyay & Bhattacharya, 1997) . On the other 'Fossil' oxide and feldspar thermometry together with hand, Lal et al. (1987) , interpreting the reaction textures reintegration of the complex intergrowths among Fe-of a suite of Mg-Al granulites from the Paderu area, Ti-Al oxide phases indicates ultra-high temperatures of construed a moderate to steeply decompressive retrograde metamorphism similar to the solidi of tholeiitic melts path from the peak temperature. Although the rocks do (>1000°C). Such an extreme temperature of meta-not preserve any information on the prograde path, those morphism is expected only in the presence of an advective workers preferred a 'clockwise' path on the basis of the heat supply [reviewed by Harley ( , 1992 ]. In view of retrograde P-T trajectory. However, the reaction textures the intimate association of the studied khondalites with of Lal et al. (1987) have been reinterpreted by Harley the voluminous mafic-ultramafic layered complex, we are (1989) and Pal & Bose (1997) , who postulated a neartempted to conclude that the required thermal input for the isobaric cooling from the peak temperature followed UHT metamorphism was supplied by the crystallization by a steeply decompressive P-T path. Interpreting the of the enclosing basic melt (Wells, 1980; Bohlen, 1987 ; reaction textures from the granulites of the Chilka Lake Waters, 1991) . The estimated area, Eastern Ghats Belt, Sen et al. (1995) showed a emplacement depth of the igneous complex, together with complex retrograde P-T trajectory with a steep dethe topological constraints on the khondalite assemblages, compression from the peak temperature followed by nearindicates that the basic magma was emplaced and in-isobaric cooling. Although some decompression from the teracted with the metapelites in the lower crust (>8 kbar). peak temperature is also possible along an anticlockwise Subsequently, both the UHT khondalites and the igneous P-T trajectory [see path 6 in fig. 3D of ], rock suite cooled near-isobarically to 700°C (at 9-10 kbar) in the absence of any relics of prograde metamorphism, during which time coronal garnet and complex oxide-the nature of the P-T evolution in the Chilka Lake area oxide and oxide-silicate intergrowths were formed. The remains unclear. prograde and retrograde reactions deduced from the Except for the depth of metamorphism, the meta-'frozen in' reaction textures and the topological constraints morphic history construed in this work has striking resuggest that the mineralogical evolution in the khondalites semblance to that of the Ongole area (Dasgupta et al., occurred along an 'anticlockwise heating-cooling' P-T 1997) in the southern sector of the belt (Fig. 1) . These trajectory (Fig. 6) . The ubiquitous occurrence of sillimanite P-T paths are very similar to the first granulite facies and spinel (both as inclusions and matrix phases), together event recorded in most places in the northern sector. with the complete absence of any early high-pressure relics, However, in the absence of definitive geochronological further corroborates this contention [see Hensen & Harley support , their temporal equivalence cannot be invoked at the present state of information. Subsequent to this (1990)]. The thermal perturbation required for the UHT event, the rocks in the northern sector witnessed another Ghats Belt with the Napier complex of East Antarctica. granulite facies metamorphism at distinctly lower peak This would provide an important petrological constraint metamorphic temperature (750-850°C at~8 kbar), fol-to delineate the Napier-Rayner terrane boundary in the lowed by a steeply decompressive retrograde P-T segment Eastern Ghats Belt provided that the former terrane is [650-700°C and 4-5 kbar; reviewed by Dasgupta & correlatable with the latter belt. Sengupta (1995) and schematically shown in Fig. 8 ]. In fact, this is the more dominant petrological overprint in the northern sector, and has thoroughly reworked the older near-isobarically cooled granulites [see Dasgupta
The Napier-Rayner boundary in the & Sengupta (1995) ]. The available geochronological data Eastern Ghats-a metamorphic perspective indicate the last granulite facies metamorphism to be at In East Antarctica, the~1000 Ma Rayner complex1000 Ma in this sector. These data include the U-Pb (along the McRobertson Land and Kemp coast) with its cooling ages of zircon, allanite, monazite, perrierite and characteristic decompressive P-T path and moderate titanite (Grew & Manton, 1986; Aftalion et al., 1988;  P-T conditions (7-8 kbar,~800°C) contrasts sharply Paul et al., 1990; Mezger et al., 1996; Mezger & Cosca, with the Archaean Napier complex with its distinctive 1999). Except for zircon, the blocking temperatures of UHT metamorphism and retrograde near-isobaric coolall other dated minerals are lower than the peak metaing P-T path [reviewed by ]. morphic temperature of the second granulite facies event Thus, the Napier-Rayner boundary (N-R) near the [see Mezger et al. (1996) ]. The~1000 Ma zircons were Edward VIII Gulf can be viewed as a boundary separating also collected from granitoid rocks that intruded the older two blocks with contrasting thermal histories and retrogranulite basement (Grew & Manton, 1986 ; Aftalion et grade P-T paths. This boundary plays an important role al., 1988; Paul et al., 1990) . The only exception to this is in the assembly of the East Gondwana supercontinent. the 863 Ma discordant U-Pb age of a titanite from the Recognizing the importance of locating the continuation Rajamundry area (Mezger & Cosca, 1999) . This age is of the N-R boundary in the Eastern Ghats Belt, several distinctly younger than the~1000 Ma 'Rayner Orogeny'.
attempts have been made in this direction (e.g. Grew et Mezger & Cosca (1999) have argued that the titanite from Chetty, 1995) . The peak thermal conditions the northern sector shows resetting to various degrees and the retrograde P-T loops are considered to be subsequent to the~1000 Ma metamorphism, and have important characteristics in identifying the Napier and attributed this discordance to a late thermal overprint at Rayner terranes, and hence, delineating their boundarỹ550 Ma. The effect of this last event was not strong in East Antarctica . None of enough to completely homogenize the~1000 Ma memthese studies, however, considered using the metamorphic ory of the titanite. In view of these observations it is impress to identify this boundary in the Eastern Ghats reasonable to conclude that the second granulite facies Belt. Grew & Manton (1986) first documented an~1000 event in the northern sector is characterized by a steeply Ma age for the metamorphic and magmatic events in the decompressive retrograde P-T path that occurred at Anakapalle area, Eastern Ghats Belt (Fig. 8) . Combining1000 Ma. Therefore, this second granulite facies event these age data with the~1900 Ma allanite age of Viin the northern sector of the Eastern Ghats Belt has nogradov et al. (1964) from an unmetamorphosed apatiteremarkable similarity to the Rayner complex exposed magnetite vein from the adjoining Kashipatnam area, along the McRobertson Land and Kemp coast of East Grew et al. (1988) construed the N-R boundary to pass Antarctica (see Fig. 8 ). In contrast to the northern sector, south of Anakapalle (Fig. 8) . Recently, Kovach et al. a decompressive metamorphic overprint is, so far, not (1997) and Mezger & Cosca (1999) redetermined the age recognized in the southern sector, although only a few of the same vein (dating the zircon) and obtained a Panareas have been investigated (Fig. 8) . The available U-Pb African age (~500 Ma). Chetty (1995) delineated this cooling ages of minerals also indicate no significant highboundary to the north of Anakapalle on the basis of grade metamorphic event subsequent to~1600 Ma (in intercontinental lineament correlations (Fig. 8) . However, Kondapalle) and~1300 Ma (in Ongole) except for late there is no lithological break across his inferred boundary, shear zones. These narrow shear zones record a mild and this, together with the Grenvillian age of metaGrenvillian thermal imprint that could reset the , argues against such a correlation (see Fig. 8 ). systematics of allanite and monazite. Geochemical data Recently, Dasgupta et al. (1995) documented polyphase are meagre in the southern sector. However, on the basis granulite facies metamorphism in which the last event of the available petrological features together with the shows a steep decompression from 8 kbar, 800°C to 5 absence of a Grenvillian granulite facies event in the two kbar, 650°C from the Rajamundry area lying north of areas of the southern sector, it is tempting to compare the metamorphic history of this segment of the Eastern but close to the Godavari rift (Fig. 8) . Antarctica. The last granulite facies event in the different domains of both continents is in bold. The quoted ages are related to these last events (see text). The similarity in the metamorphic P-T histories of the northern and southern segments of the Eastern Ghats Belt to those of the Napier and Rayner complexes, respectively, should be noted. Thin broken lines are the proposed extension of the Napier-Rayner boundary into the Eastern Ghats Belt: C, Chetty (1995); G, Grew et al. (1988) . Ara, Araku-Anatagiri (Sengupta et al., 1990) ; Gar, Garbhum (Dasgupta et al., 1992) ; Sal, Salur (Mukhopadhyay & Bhattacharya, 1997); Chil, Chilka Lake (Sen et al., 1995) ; Ana, Anakapalle (Dasgupta et al., 1993) ; Vis, Visakhapatnam (Kamineni & Rao, 1988) ; Raj, Rajamundri (Dasgupta et al., 1995) ; Chi, Chimakurthi (Ongole) (Dasgupta et al., 1997) ; Kon, Kondapalle (this work). All other abbreviations are as in Fig. 1 . Available geochronological data (discussed above) in-assumption is the fact that the Napier complex of East Antarctica and the segment of the south Indian shield dicate the last high-grade metamorphism to have occurred at~1000 Ma. Thus, the petrological signatures lying south of the Godavari rift have shared a similar geological history since Archaean time. In the Napier and the geochronological data indicate that the effect of 'Rayner orogeny' in the Eastern Ghats Belt can be traced complex, detailed geochronological evidence indicates that the UHT metamorphism occurred within a narrow south of Anakapalle at least as far as the Godavari Rift (Rajamundry area) (Fig. 8) . This asserts that the time span between 3000 and 2900 Ma [reviewed by ]. Notwithstanding the similarity continuation of the N-R terrane boundary into the Eastern Ghats Belt should pass between Rajamundry of the UHT metamorphism and the retrograde P-T trajectory between the Napier complex and the southern and Kondapalle. It is interesting to note that the Godavari rift passes through this zone and, in the reassembled segment of the Eastern Ghats Belt, the timing of such high-grade metamorphism is unknown in the latter segIndo-Antarctic block, this rift can be linked with the concealed East Enderby rift zone that lies close to the ment. This opens up two possibilities: (1) the UHT metamorphic events in these crustal domains are coeval. N-R boundary in Enderby Land (Fig. 8) . Therefore, the idea of considering the Godavari rift as the N-R boundary This means that the Napier complex and the southern segment of the Eastern Ghats are fragments of the same in the Eastern Ghats Belt is tempting. Implicit in this
